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The chemical nature of the messenger molecule, nitric oxide (NO). and especially its reactivity towards thiol groups and disulfides, could explain, 
at least partly, its intervention in so many different biological processes. NO can be regarded as the smallest molecule suitable for electron transport 
in biological systems. The S-nitrosation reaction and its reverse reaction represent the most convenient general way to store, to transport and finally 
to release NO. Nitric oxide is also particularly convenient for playing a role in interconversions of thiol groups and disulfides in chain radical or 
oxidationreduction processes. and to be subsequently engaged in complex sequences of reactions accounting for different biological situations. 
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The recently discovered new messenger molecule, ni- 
tric oxide (NO) ~ or some nitric oxide carrier, vide infra 
- has been shown to play a major role in at least three 
biological processes: vessel smooth muscle relaxation, 
neurotransmission modulation and macrophage cyto- 
toxicity [l-5]. 
scenario involving imidazole release and participation 
for the mechanism of guanylate cyclase activation by 
NO [lo]. 
It may appear surprising that so simple a molecule 
could serve in so many different biological processes. 
NO is one of the smallest molecules known, a gas with 
limited water solubility, an unstable free radical species 
highly reactive towards atoms or molecules containing 
unpaired electrons such as molecular oxygen, superox- 
ide anions or protein-bound metals. 
Enzymic systems responsible for NO formation seem 
largely distributed, at least in the animal kingdom. NO 
has been shown to be produced from L-arginine and 
molecular oxygen via an as yet to be completely deter- 
mined sequence of reactions controlled by an NO syn- 
thase [6,7]. According to the different cell types, at least 
two forms of that enzyme exist. Such an NO synthase 
is present in hemocytes of the American horseshoe crab 
(Limulus polyphemus) indicating that NO formation 
from L-arginine is a biochemical pathway of early evolu- 
tionary origin [S]. That also suggests that NO bioreac- 
tivity could follow very ‘ancient’ chemical pathways 
based upon relatively simple reactions. 
To the question “why NO?“, we propose an addi- 
tional answer with regard to the chemical nature and 
hence the reactivity of that molecule, which could also. 
at least partly, explain its intervention in so many differ- 
ent biological processes. NO is a biatomic radical-mole- 
cule bearing an unpaired electron, which can be re- 
garded as the smallest molecule suitable for electron 
transport. Moreover, in appropriate conditions, NO 
can react with thiol groups and disulfides to form S- 
nitroso compounds, in a more or less reversible manner 
[l 11; it can also be subsequently engaged in complex 
chain radical or oxidation-reduction processes. 
A first possible answer to what makes NO so special 
was given by Traylor et al. [9]. NO is presented as a very 
peculiar ligand for heme and non-heme iron proteins 
especially with regard to its unusual binding affinity to 
various iron(H) porphyrins. Another point is that NO 
binds iron better without proximal base, suggesting a 
As a very simple free radical species, NO can be 
considered as one of the ways selected by nature for 
transporting electrons from one point to another of 
biological systems. Halliwell [12] recently reported an 
interesting hypothesis due to Baldwin et al. [13] and 
confirmed by some experiments, according to which in 
living organisms thiols, thiolates and disulfides are in- 
terdependent and constitute elements of an electron 
transfer system alongside with metalloproteins and 
some amino acids involved in peptides or proteins. 
Owing to its chemical nature, NO can undoubtedly take 
part in these types of biochemical processes and facili- 
tate such electron transfer mechanisms. 
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Due to the relative instability of the formed S-nitroso 
compounds, the S-nitrosation reaction has received 
much less attention than the similar 0-nitrosation reac- 
tion [l 11. In appropriate conditions, NO is therefore 
able to react directly with thiols or disulfides to form 
S-nitroso compounds, for example with low pKs and/or 
conveniently sterically hindered thiol groups. The re- 
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Fig. 1. Examples of reactions of S-nitrosospecies involving reversible 
thiol-disulfide exchanges. 
lease of NO from a S-nitroso compound ~ under slightly 
different conditions ~ is much easier. The S-nitrosation 
reaction and its reverse reaction represent then the most 
convenient general way to store, to transport and finally 
to release NO. Due to the large variety of their possible 
chemical structures, S-nitroso compounds form a fam- 
ily of NO-carrier compounds whose every member 
could be suitable for a particular biological effect. Such 
a S-nitroso adduct of serum albumin was recently evi- 
denced as a NO reservoir in mammalian plasma [14]. 
Interconversions of thiols and disulfides in oxida- 
tion-reduction processes are commonly used in biology 
not only to improve protein structural stability but also 
to ensure enzymatic catalysis, transport of reducing 
equivalents or metabolic regulation [ 151. Such reactions 
can also involve suitable electron donors and acceptors. 
Due to its reactivity NO is particularly convenient to 
play a role in such sequences of reactions. The S-nitroso 
species formed from a thiol or a disulfide group and NO 
can, either give back a thiol by reduction and conse- 
quently release NO, or react with another disulfide 
group to give a new S-nitroso species, on the one hand, 
and a new S-S group on the other. The process can be 
repeated. Termination of such chain processes can 
occur in different ways (see Fig. 1 for some examples of 
such reactions). 
The important point is that NO could be stored and 
released in reactions involving reversible thiol-disulfide 
exchange and that it can be then regarded as an inducer 
of protein rearrangement in a durable although reversi- 
ble manner, depending for example upon redox condi- 
tions. NO can then be involved in various processes 
such as activation or de-activation of disulfide bond- 
containing enzymes or receptors, via their rearrange- 
ment to active or inactive forms. Some allosteric situa- 
tions can also certainly be accounted for. 
Recently, nitric oxide has been claimed to account for 
the retrograde messenger involved in the long term po- 
tentiation phenomenon (LTP) [ 161. We hypothesize that 
cysteine-containing proteins could be considered at 
least partly as the biological material used for the stor- 
age of information in the brain and that NO plays a 
central role in modifying in a reversible manner the 
conformations of these proteins and possibly also in 
forming new networks through intermolecular disulfide 
bridges formation. 
It is worth noting that the effect of NO on the redox 
modulatory site of the NMDA receptor-channel com- 
plex was quite recently hypothesized to involve S-ni- 
troso derivatives and disulfide bonds formation [17]. 
The mechanism of guanylate cyclase activation by NO 
can also include, at least partly, similar reactions [18]. 
There is no doubt that the particular chemical nature 
of NO and especially its reactivity towards thiol groups 
and disulfides are the source of its unusual and crucial 
role in so many and different areas of biology. Many 
studies will therefore be still necessary to explore all the 
aspects of this ubiquitous molecule whose biochemistry 
is still poorly understood [19]. 
REFERENCES 
[II 
[21 
[31 
[41 
[51 
[61 
[71 
PI 
[91 
VOI 
[I 11 
t121 
u31 
u41 
u91 
Furchgott, R.F. and Zawadzki, J.V. (1980) Nature 288,3733376. 
Palmer. R.M.J., Ferridge, A.G. and Moncada, S. (1987) Nature 
327, 524-526. 
Moncada, S., Palmer, R.M.J. and Higgs. E.A. (1991) Pharmacol. 
Rev. 43. 1099142. 
Nathan, C.F. and Hibbs Jr., J.B. (1991) Curt-. Opinions Immu- 
nol. 3, 65570. 
Bredt, D.S. and Snyder, S.H. (1992) Neuron 8. 3-l I. 
Marietta. M.A.. Yoon. P.S., lyengar, R., Leaf, C.D. and 
Wishnok. J.S. (1988) Biochemistry 27, 8706687 I 1. 
Stuehr, D.J. and Griffith. O.W. (1992) Adv. Enzymol. 65, 287 
346. 
Radomski. M.W., Martin, J.F. and Moncdda, S. (1991) Phil. 
Trans. R. Sot. Lond. Ser. B 334(1269) 1299133. 
Traylor. T.G. and Sharma, V.S. (1992) Biochemistry 31, 28477 
2849. 
Ignarro. L.J. (1989) Semin. Hematol. 26, 63376. 
Williams, D.L.H. (1985) Chem. Sot. Rev. 14, 171. 
Halliwell. B. (1991) Nature 354, 191 192. 
Baldwin. J.E., Morris, G. and Richards, W.G. (1991) Proc. R. 
Sot. Lond. B 245, 4335 1. 
Stamler, J.S.. Jaraki, 0.. Osborne, J., Simon, D.I., Keaney, J.. 
Vita. J., Singe], D.. Valet-i, C.R. and Loscalzo, J. (I 992) Proc. 
Nat]. Acad. Sci. USA 89, 16747677. 
Gilbert. H.F. (1990) Adv. Enzymol. 63. 69-172. 
Bohme. G.A.. Bon, C.. Stutzmann. J.M.. Doble, A. and Blan- 
chard, J.C. (1991) Eur. J. Pharmacol. 199, 379-381. 
Lei, S.Z., Pan, Z.H., Aggarwal. SK., Chen, H.S.V., Hartmann. 
J., Sucher, N.J. and Lipton, S.A. (1992) Neuron 8. 1087~1099. 
Ignarro. L.J.. Lippton, H.. Edwards, J.C., Baricos, W.H.. 
Hyman, A.L., Kadowitz, P.J. and Gruetter, C.A. (1981) J. Phar- 
macol. Exp. Ther. 218. 739-749. 
Stamler, J.S.. Singe]. D.J. and Loscalzo, J. (1992) Science 258, 
1898~~1902. 
8 
